The idea that DNA in chromatin can be packed smoothly, without breaking of base-stacking interactions, has been explored by both energetical estimations 
have any unusually close nonbonded contacts and is evidently not the only possible model of smooth packing of DNA in chromatin. An energetical estimation of the critical radius of curvature of a smoothly bent DNA molecule is made using approximate potential functions for different van der Waals contacts in the B DNA structure. The critical radius of curvature of the deformed DNA-axis is close to the radius of a nucleosome (-50 A). The smooth packing is a good alternative to models of kinked folding of DNA in nucleosomes.
Nucleosomes, which are assumed to be the subunit building blocks of chromatin, contain fragments of DNA 6-7 times longer than the characteristic dimensions of the nucleosome (for a review see ref. 1) . Fragments of DNA, 650-700 A long, are in some way packed into roughly spherical beads with a diameter of about 100-130 A (1, 2) . It is difficult to imagine that a 20-A thick DNA molecule can be smoothly bent and packed in such a limited space, and this difficulty has led to models of "kinked" packing (3, 4) , that is, packing with some sharp turns in which base-stacking interactions in DNA are destroyed. Nevertheless, the idea of smooth deformation is not excluded. On the contrary, as presented below, both energetical estimates and stereochemical models show the strong possibility of a smooth deformation of DNA with a radius of curvature of the order of 50 A.
We propose here a model of a deformed DNA molecule that fits reasonably to dimensions of nucleosomes and has no unusually close van der Waals contacts. Our calculations are based on the widespread concept of helical packing of DNA around a protein core (5) (6) (7) (8) (9) .
For simplicity we also supposed that the elementary repeating units of chromatin are cylindrical and possibly pack together in a cylindrical manner to form a chromatin thread (6, 10) . We built this model not to propose a structure of nucleosomes, but as a simple, reasonable way of showing that it is possible to bend DNA smoothly with a radius of curvature consistent with the dimensions of nucleosomes. In principle, the energy corresponding to a given deformation can be calculated by taking into account all the interatomic interactions in the initial and deformed structures (15) . Unfortunately, such complete calculations cannot be correctly performed for DNA because of the lack of exact potential functions for its intramolecular contacts. However, commonly used approximate functions can be taken for an estimation of the critical radius of curvature, likely to be more realistic than presented above.
ENERGETICAL CONSIDERATIONS
For the estimation with these approximate potentials it is also reasonable to use some simplified model of DNA. Let us consider the molecule as system of equivalent parallel discs spaced 3.4 A apart with diameter of 20 A. It can be seen from spatial models of DNA that each pair of nucleotides has around 30 atoms involved in van der Waals interactions with the atoms of an adjacent pair. Let us suppose that all these contacting atoms are uniformly distributed within the discs. Potential functions describing different interdisc ("vertical") contacts are in one sense roughly equivalent. Let us take, for example, Buckingham functions proposed in ref. 16 and calculate the deviations from minima corresponding to the same change of energy (repulsive parts of curves) equal to, say, 0.1 kcal. For contacts C-C, C-H, H-H, and N-N we get deviations varying between 0.5 and 0.6 A. Thus, for rough estimation it makes little difference if we consider all contacts as identical.
As a result of deformation of our model molecule, its discs became nonparallel, that is, half of the contacts (-15) became shorter, and half longer. Neglecting energies necessary for expansion of van der Waals bonds relative to compression of others, we can estimate the total energy of compression corresponding to a given angle between discs. Instead of strict integration, which would also make the model needlessly detailed, Abbreviations: CORELS, constrained restrained least squares; def-DNA, smoothly deformed DNA. It is difficult to decide how close this rough estimation is to the actual value. The difference, however, cannot be considerable because of the very strong dependence of the energy of van der Waals repulsion on distance between interacting atoms.
It is interesting to note that the estimated critical radius of curvature is very close to the radius of a nucleosome. As estimated in ref. 14, the energy necessary for smooth packing of an elastic DNA thread in a nucleosome is on the order of the histone-histone interaction energy. So it can be a good answer to the question of where the energy of DNA deformation comes from.
STEREOCHEMICAL MODEL BUILDING The fragment of nucleosomal DNA is approximately 190 base pairs long (1, 17) . For the height of the assumed cylindrical chromatin subunit we used the value 110 A, taken from x-ray and neutron scattering data (for references see ref. 8 ). Cylindrical particles with a diameter of a chromatin subunit can contain about two turns of B DNA, 190 base pairs long, wound on its surface, so for simplicity we used exactly two turns. A schematic scale model with these parameters is shown in Fig.  1 , in which the middle line of the ribbon wrapped around the cylinder represents the deformed helical axis of the DNA molecule, and the ribbon itself corresponds to a projection of the DNA on the surface of the cylinder. With a height 110 A and with two turns of this DNA fragment, 3.38 A per base pair, the radius of the cylinder can be simply calculated to be 50. 4 A.
Our helical model must be consistent with the data of Germond et al. (18) showing that one nucleosome corresponds to approximately -1 turn of a toroidal superhelix of DNA after dissociation of histones. It is therefore necessary to suppose that DNA is not only wrapped two times around the cylindrical histone core, but also wound around its own axis +1.9°per each of the 190 base pairs of nucleosomal DNA. This 360°torsion per one nucleosome, together with -720°corresponding to two left-handed turns of wrapped DNA, leads to -360°corre-sponding to one left-handed turn of superhelical DNA freed from histones (for discussion of properties of superhelical DNA see ref. 19 ).
The structure of smoothly deformed DNA was constructed in two steps: geometric transformation followed by the refining of stereochemistry (see Fig. 2 ). We started with a fragment of B DNA double helix that contained 13 base pairs ( Fig. 2A) . For simplicity we used a strand of adenine and a strand of thymine nucleotides. (We found subsequently that a fragment of the same size with random sequence has similar deformation properties.) We used the refined coordinates of Arnott and Hukins (20) for B DNA with a 3.38 A rise per residue and a 360 rotation between residues. We then increased the rotation per residue by 1.90 (left-handed packing) to be in agreement with Germond et al. (18) . This DNA structure was then geometrically transformed atom by atom so that the DNA cylinder itself was wrapped around an assumed larger cylinder. The transformation can be described by the following three equations: R = -/(rjcos(0j -0,) + A)2 + (risin(0i -00)sina)2 [1] O= (+1)tan-risin(0i -00)sina + 360zi [2] r cos(As -0) + A V/(27rA)2+ [2 Zi =/(2 A)2 + H2 -rsin(0j -O,)cosa [3] in which: ri, At, and z2 are the initial cylindrical coordinates of atoms; Ri, Oi, and Z, are the transformed coordinates; Oo is the angle of rotation of the DNA cylinder about its own axis before transformation; A is the radius of the large cylinder; a is the angle of inclination of the DNA axis relative to base plane of the large cylinder; H is the pitch of superhelix (vertical period per 3600). In Eqs. 2 and 3, +1 and -1 correspond to righthanded and left-handed superhelices, respectively.
From the transformation we obtained a geometrical model with the curvature of the DNA axis, consistent with the chosen model of nucleosome (Fig. 2B) . The detailed stereochemistry of the model, of course, was far from standard. In order to improve the stereochemistry as well as to relieve several unusually close contacts, we fitted standard nucleic acid building blocks (20) to the geometrical model by using a least squares procedure, the CORELS (constrained restrained least squares) model building program (21 Fig. 4 , a more detailed stereo view of a portion of def-DNA, this structure differs from linear B DNA by a smooth gradual deformation and does not contain any points of discontinuity. The refined structure has covalent bond lengths and bond angles that differ from standard values (20) by no more than 0.01 A and 2.60, respectively. The root mean square deviation of the axis of def-DNA from the helical axis of geometrically transformed DNA is 0.01 A, which means that the stereochemical refinement did not appreciably change the curvature of the DNA axis.
In Table 1 This stereochemical approach, as well as the energetical one presented above, shows that smoothly deformed DNA theoretically can be considered as a viable alternative to models requiring kinks.
There are some experimental indications for possible smooth tight packing of DNA in bacteriophages T2 (28) , T7 (29) , and X (30) . DNA of these bacteriophages forms a doughnut-like structure with an inner diameter of about 100-200 A. Similar structures appear in solutions of DNA with polyethyleneglycol (31) and spermidine (32) . It is reasonable to suppose that DNA in the doughnuts is wound smoothly; otherwise it would be difficult to explain the existence of holes (or indentations) in these structures. Indeed, freely kinked denatured DNA in polyethyleneglycol solutions forms tight spherical particles, without holes (31) .
High-resolution electron microscopy of pure preparations of DNA also shows that DNA can be apparently smoothly bent, with the formation of loops or U-like structures whose radius of curvature can be as small as 45-50 A (18, 33, 34) . Unfortunately, the resolving power of existing electron microscopic methods is not sufficient to conclude definitely that the loops seen on the micrographs are not gently kinked as described in ref. 4. It is conceivable that DNA in nucleosomes, if it is in fact superhelical, is not left-but right-handed. In this case, for consistency of two turns of right-handed superhelix in a nucleosome 
